T he development of advanced fibrosis or cirrhosis is the most significant consequence of infection with the hepatitis C virus (HCV) since the mortality associated with this infection is largely due to the complications of cirrhosis. 1 The ability to predict an individual's risk of progressive disease has important prognostic and therapeutic implications. The rate of development of fibrosis varies substantially among subjects and is influenced by a number of factors including gender, age at infection, alcohol consumption, and hepatic steatosis. [2] [3] [4] However, these demographic and environmental factors account for only a small proportion of the variability in the rate of disease progression. 5 There is increasing interest in the influence of host genetic factors on liver fibrosis, and whether genetic markers can reliably identify subjects at risk of developing severe disease. Many studies have examined the relationship between various gene polymorphisms and fibrosis in patients with chronic liver disease (reviewed in Bataller et al 6 ). The genetic factors investigated include human leukocyte antigen class II alleles, mutations in the haemochromatosis gene (HFE) and genes encoding cytokines, inflammatory mediators, enzymes involved in oxidative stress, and proteins involved in lipid metabolism. These studies have produced inconsistent results and it remains difficult to draw firm conclusions from the reported data. For complex diseases, genetic associations are usually of small magnitude with odds ratios of 1.1 to 1.5, and any single polymorphism accounts for only 1-8% of the overall disease risk in the population. 7 Although the risk attributed to an individual polymorphism is very small, the additive effect of several genetic variants from different loci may account for a greater proportion of the disease risk. 7 However, few studies in chronic liver disease have examined the combined effect of multiple predisposing alleles.
A second issue encountered in the interpretation of these studies, is the method used to categorise subjects into those with a low or high risk of disease progression. Most studies reporting the relationship between genetic polymorphisms and severity of liver disease have been cross-sectional in design and the associations were determined using the stage of fibrosis at a single liver biopsy, irrespective of the duration of HCV infection (reviewed in Yee 8 ). Within a single centre, the majority of subjects with chronic HCV have minimal or mild fibrosis, but it may be erroneous to assign them to a low risk category if they have a relatively short duration of disease.
We hypothesised that HCV infected subjects with progressive fibrosis would be more likely to inherit several progression associated genetic polymorphisms compared with subjects with a low risk of progressive disease. In order to investigate this, we examined polymorphisms in eight genes (HFE, MTP, APOE, CCR5, SOD2, CTLA4, LDLR, and MPO) that have been reported by other investigators as having an association with hepatic fibrosis. [9] [10] [11] [12] [13] [14] [15] [16] [17] The inheritance of these polymorphisms was examined in the following subjects with chronic HCV: slow progressors (no or minimal fibrosis after 20 years of infection) and those with rapidly progressive fibrosis (Scheuer stage 3 or 4 fibrosis or stage 2 fibrosis within 10 years after infection). We then determined whether the combined effect of inheriting several progression associated genetic polymorphisms influenced the risk of developing progressive fibrosis in a second population of subjects with advanced liver disease due to chronic HCV.
METHODS

Patients
The study involved two groups of subjects seen at the Princess Alexandra Hospital, Brisbane as follows: (1) Abbreviations: APOE, apolipoprotein E; BMI, body mass index; CCR5, CC chemokine receptor 5; CTLA4, cytotoxic T lymphocyte associated protein 4; HCV, hepatitis C virus; HFE, haemochromatosis gene; LDLR, low density lipoprotein receptor; MPO, myeloperoxidase; MTP, microsomal triglyceride transfer protein; PBMC, peripheral blood mononuclear cells; PCR, polymerase chain reaction; ROC, receiver operating characteristic curve; ROS, reactive oxygen species; SOD2, manganese superoxide dismutase 2; Th cells, T helper cells consecutive Caucasian patients (n = 326) with chronic HCV who had undergone liver biopsy prior to antiviral treatment; and (2) subjects (n = 24) who received a liver transplant for chronic HCV. Informed consent in writing was obtained from each patient and the study protocol was approved by the University of Queensland and Princess Alexandra Hospital Research Ethics Committee. Diagnosis of chronic HCV was based on standard serological assays and abnormal serum aminotransferase levels (greater than or equal to 1.56upper limit of normal) for at least 6 months. All patients were positive for HCV antibody by the second generation ELISA (Abbott Laboratories, North Chicago, IL) with infection confirmed by detection of circulating HCV RNA by polymerase chain reaction (PCR) using the Amplicor HCV assay (Roche, Branchburg, NJ, USA), and were negative for HBsAg or antibodies to human immunodeficiency virus. Date of infection with HCV was recorded as the first year of drug use for subjects infected by intravenous drug use, the date of transfusion in those subjects infected by blood products, or the date of tattoo/needlestick injury. Patients for whom date of infection was unknown and those with other forms of chronic liver disease were excluded from the analysis. Viral genotyping was performed using the Inno-Lipa HCV II assay (Innogenetics, Zwijnaarde, Belgium).
Liver biopsy specimens were fixed in buffered formalin and embedded in paraffin. The degree of inflammation and fibrosis was assessed and graded (by a single pathologist) according to the method of Scheuer.
18 Steatosis was graded as follows: 0 (,5% hepatocytes affected); 1 (5-29% hepatocytes affected); 2 (30-70% hepatocytes affected); and 3 (.70% hepatocytes affected). Iron content was assessed on a scale of 0-4 following Perls' Prussian Blue staining.
A training cohort was identified using patients from group 1 who were categorised into slow progressors and those with rapidly progressive disease on the basis of liver histology and years since acquisition of HCV (fig 1) . Patients with slowly progressive disease had no or minimal fibrosis (Scheuer stage 0 or 1) on liver biopsy >20 years after acquisition of HCV. Patients with rapidly progressive disease had Scheuer stage 3 or 4 fibrosis on liver biopsy or stage 2 fibrosis (10 years after acquisition of HCV. The remaining patients were not included in the training cohort because their rate of disease progression could not be clearly categorised as slow or rapid.
Details about weight, height, and average alcohol intake (g/day) during the preceding 12 months (current alcohol intake) were obtained from all patients at the time of liver biopsy. Information regarding average alcohol intake (g/day) prior to the last 12 months was also obtained (past alcohol intake).
Genotyping
Genomic DNA was extracted from peripheral whole blood using DNAzol BD Reagent (Invitrogen, Mount Waverly, Australia). Polymorphisms in microsomal triglyceride transfer protein (MTP, 2493 GRT), cytotoxic T lymphocyte associated protein 4 (CTLA4, 49 ARG (T17A)), apolipoprotein E (APOE, e2, e3, e4 alleles), haemochromatosis gene (HFE, 845 GRA (C282Y) and 187 CRG (H63D)), low density lipoprotein receptor (LDLR, 1170 GRA, A370T), and myeloperoxidase (MPO, 2463 GRA) were detected by PCR as previously described. 13-15 19-21 The dimorphism in the superoxide dismutase 2 mitochondrial (SOD2) targeting sequence was detected by PCR with oligonucleotide primers 59CTG ACC GGG CTG TGC TTT CTC G93 (forward) and 59CTC CCG CCG CTC AGC CTG GAC C93 (reverse), which amplified a 258 bp fragment of DNA containing the polymorphism. Identification of the two alleles at the dimorphic site was performed by agarose gel electrophoresis (2.5%) after incubating the PCR product for 4 h with BsaW1. Cleavage with this restriction enzyme when a T (Val) was present at position 1183 (residue 16) produced two fragments of 48 and 210 bp in length. The uncut 258 bp fragment allowed identification of the C (Ala) allele. The CC chemokine receptor 5 (CCR5) insertion/deletion (D32) polymorphism was detected by PCR with oligonucleotide primers 59ACC TGC AGC TCT CAT TTT CC93 (forward) and 59GCA GAT GAC CAT GAC AAG CA93 (reverse), which produced either 79 or 111 bp products corresponding to the D32 or the wild type allele, respectively. All samples were amplified and digested in parallel with three samples of known genotype and water. Some of the patients' DNA did not amplify for each of the polymorphisms examined. The number of samples that failed to amplify was four for HFE C282Y, two for MTP, two for APOE, one for CCR5, six for SOD2, and four for CTLA4.
Statistical analysis
Data are summarised as mean (standard deviation) or median (range). Differences in the levels of characteristics between subjects with slowly progressing versus rapidly progressing liver disease were compared using Student's t test or the Mann-Whitney test. Differences in the mean probability of having rapidly progressing fibrosis between groups were compared using ANOVA.
The crude influence of genotypes on the rate of fibrosis progression category was tested using the Pearson x 2 test or the Mantle-Haenszel x 2 test for a linear trend. Logistic regression was used to assess the simultaneous effect of the genetic polymorphisms after adjusting for potential confounding by gender, age at infection, age at biopsy, viral genotype, and body mass index (BMI). Due to the inherent difficulty in obtaining a reliable alcohol history from HCV infected individuals, alcohol was not considered in the logistic regression model. A backward elimination approach was used to remove non-significant variables and determine the most parsimonious model. Quantitative variables were not dichotomised and for viral genotype, four groupings were separately tested (1 v 2 v 3, 1 v 3, 1 v non-1, or 3 v non-3). The goodness of fit of the logistic regression model was tested using the Hosmer and Lemeshow test, and the model was found to be appropriate for the data (p = 0.328). Odds ratios (with 95% confidence intervals) were calculated to estimate the risk of more rapidly progressing liver fibrosis associated with each polymorphism.
Results from logistic regression analysis were used as the basis for determining which variables best predicted clinical prognosis. The predictive equation (from the logistic model), shown below, was used to describe the expected probability of having rapidly progressing liver disease as a function of the identified risk factors and genotypes. Probability of having rapidly progressing fibrosis = 1/{1+Exp[2(b 0 +(b i 6Q i ))]} where b 0 is a constant, b i is the predictive regression coefficient value for each risk factor, and Q i is the presence of an environmental factor or profibrotic genotype (being either 1 for yes or 0 for no). 22 The regression model assigns a coefficient to each item in the model (b i ); this coefficient weights the item according to its importance in determining each individual's risk of rapidly progressing fibrosis. Applying this equation to the risk factors and genotypes of a second cohort, each patient's expected probability of having rapidly progressing fibrosis was calculated.
SPSS version 12.0 (http://www.spss.com) was used for all analyses and a value of p,0.05 was considered statistically significant. To prepare graphical illustrations GraphPad Prism version 4.02 (http://www.graphpad.com/) was used.
RESULTS
Patient characteristics
In our cohort of 326 patients with chronic HCV, the median rate of progression of fibrosis was 0.13 fibrosis units per year, identical to previous estimates from cross-sectional studies on very large numbers of patients. 3 However, within this cohort, the rate of fibrosis progression was not normally distributed, and varied greatly between individuals. Using strict classification for the selection of a training set (fig 1) , 83 subjects (25.3%) had rapid progression of fibrosis (0.186 fibrosis units per year) with cirrhosis or the presence of septal fibrosis on a liver biopsy performed within 10 years of acquisition of HCV. Sixty six subjects (20.1%) had slow fibrosis progression (0.037 fibrosis units per year) with no fibrosis or portal fibrosis only on liver biopsy after 20 years of infection. Those patients with neither rapid nor slow fibrosis progression according to these strict criteria (n = 177) were not included in the comparative analysis for this training set. In comparison with slow progressors, subjects with rapid progression of fibrosis were infected at an older age and had a higher grade of hepatic inflammation and steatosis (table 1) . Although these factors have previously been shown to contribute to disease severity, they account for only a portion of the variability in fibrosis progression. 2 Twenty one patients had acquired HCV before the age of 15 years: 15 were in the slow progression group and six in the rapid progression group. None had a history of haematologic disease.
Serological signs of a former HBV infection were present in 42% of slow progressors and 41% of rapid progressors.
Determination of progression associated alleles in subjects with chronic HCV and non-progressive or progressive fibrosis Using results from adjusted and unadjusted analyses, progression associated alleles were assigned for each gene as follows: CTLA4, homozygotes (AA or GG); APOE, absence of a e4 allele; SOD2, Val/Val or Ala/Val; CCR5, wild type; MTP, homozygotes (TT or GG); HFE, at least one of C282Y or H63D. An association between polymorphisms in the MPO or LDLR genes and rapidly progressing fibrosis was not observed in our cohort (not shown). The frequencies of progression associated genotypes in patients with slow or rapid progression of fibrosis are presented in table 2. The odds ratios for having rapidly progressing fibrosis for each allele ranged from 1.6 to 2.7 following univariate analysis and from 2.1 to 4.5 following multivariate analysis.
The number of progression associated alleles for each patient was summed. The cumulative frequency of patients possessing increasing numbers of progression associated alleles was significantly higher in patients with rapidly progressing fibrosis (p = 0.003). The association between rapidly progressing fibrosis and possession of >3, >4, or >5 progression associated alleles was determined and the odds ratios for having rapidly progressing fibrosis increased with increasing number of progression associated alleles (table 3) .
Prediction of rapidly progressing fibrosis in a second cohort
Using results from the logistic regression analysis for the training cohort, a predictive equation and the receiver operating characteristic curve (ROC) were constructed. The area under the ROC was 0.868. The predictive equation was applied to a second, validation cohort of patients with more rapidly progressing fibrosis, comprising 24 liver transplant recipients (three females) in addition to 11 HCV patients (four females) identified from group 1 of HCV patients. While these group 1 pre-transplant HCV patients did not meet the very strict criteria for inclusion in the training set, they nevertheless had fibrosis stage 2 on biopsy between 10 and 14 years following acquisition of infection and rate of fibrosis progression ranging from 0.134 to 0.182 fibrosis units per year (which is 3.6-to 4.9-fold higher than that of the slow progressors). In this validation cohort, no patient had no or one profibrotic genotype, four patients had two, eight patients had three, 12 patients had four, nine patients had five, and two patients had six profibrotic genotypes. Using a group.bmj.com on June 20, 2017 -Published by http://jmg.bmj.com/ Downloaded from cut off value for the predicted probability of 0.5, the predictive equation correctly classified 80% of patients in this validation cohort as having more rapidly progressing fibrosis. Using a model that included patient demographic variables only (that is, excluding progression associated genes), the best predictive equation that could be constructed correctly classified only 42% of these patients.
Application of the model to patients with an intermediate rate of fibrosis progression
The model calculates, for each patient, the predictive probability of having rapidly progressing fibrosis. The predictive probability value can range from 0 to 1, with a value closer to 1 indicating a greater likelihood of more rapid fibrosis progression and a value closer to 0 indicating a greater likelihood of slow fibrosis progression. To determine whether the model (which employed strictly classified slow and rapid progressors to generate the predictive equation) would be applicable to patients with an intermediate rate of fibrosis progression, a cohort of probable intermediate progressors was identified from group 1. These patients (n = 30) had stage 2 fibrosis on biopsy more than 20 years after acquisition of infection. Not surprisingly, the mean probability of having rapidly progressing fibrosis for this fibrosis stage 2 .20 year cohort (0.57 (SD 0.33)) was intermediate between the slow (0.33 (SD 0.24)) and rapid progressors (0.74 (SD 0.25)) (p,0.01 and p,0.05, respectively).
DISCUSSION
In this study, we demonstrate an association between HFE, MTP, APOE, CCR5, CTLA4, and SOD2 genotypes and the presence of progressive fibrosis in patients with chronic HCV. When inheritance of the genotypes was considered together, the odds of having progressive fibrosis increased with the number of progression associated genetic variants. In a second cohort of patients with advanced fibrosis, the predictive equation correctly classified 80% of patients as having rapidly progressing fibrosis. These findings lend additional weight to the involvement of host genetic factors in the variability in progression of this disease and suggest that it may ultimately be feasible to compile a simple genomic profile that better predicts an individual's risk of developing progressive fibrosis.
Fibrogenesis is a complex process, driven by a number of concurrent pathways involving oxidative stress, inflammation, and steatosis. 2 Genetic variation may occur at various sites within these pathways to influence the development of fibrosis. The genetic polymorphisms examined in this study have a plausible link with cellular injury or fibrogenesis and have been shown to have functional significance. The CC chemokine receptor 5 (CCR5) is expressed by a major subset of CD8+ cytotoxic T lymphocytes (CTL) in addition to T helper (Th) cells producing type 1 cytokines such as interferon-c and tumour necrosis factor. T cells infiltrating HCV infected livers express high levels of CCR5 23 and may contribute to immune mediated liver injury as evidenced by increased intrahepatic expression of Th1 associated cytokines in patients with progressive fibrosis. 24 Similarly, CTLA4 may also modulate the extent of hepatic inflammation which is a dominant factor in the development of fibrosis. 25 CTLA4 is expressed on activated CD4+ and CD8+ T cells. It down modulates T cell responses following binding to the ligands B7-1 and B7-2. 26 Reactive oxygen species (ROS) have been increasingly implicated in the production of liver injury in chronic HCV. 27 Inherited mutations in the HFE gene (C282Y heterozygosity or H63D) may result in relatively modest cellular iron accumulation 28 that may nevertheless increase the production of ROS leading to activation of hepatic stellate cells. 29 The mitochondrial enzyme SOD2 is responsible for the initial step in detoxifying ROS. 30 More recently, steatosis has been recognised as a co-factor in the progression of fibrosis in chronic HCV. As a consequence, polymorphisms in genes concerned with hepatic triglyceride storage and export may have an effect on the rate of disease progression. Within the hepatocyte, MTP has a role in the assembly and secretion of apolipoprotein B containing lipoproteins. 31 Some evidence suggests that the HCV life cycle involves cellular lipid metabolism 32 and that lipoprotein particles may facilitate entry of virus into cells. 33 As a component of several lipoprotein classes, APOE has an important role in plasma lipoprotein metabolism.
Some of the polymorphisms assessed in this study such as CCR5D32, are associated with a clear cut change in protein function, 34 whereas the biological consequences of allelic variation in genes such as SOD2 are currently less clear. An association between fibrosis and an allelic variant does not necessarily imply that the allele is functionally responsible, since the association may occur through linkage disequilibrium. 8 Nevertheless, irrespective of the specific biological mechanisms involved, these genotypes were associated with disease outcome in prior studies in addition to our cohort of subjects with chronic HCV.
Although a number of previous studies identified a relationship between these genetic polymorphisms and hepatic fibrosis, 9-17 35 the associations have not been confirmed in all studies [36] [37] [38] [39] [40] [41] [42] and some have found that the alternate genotype confers the increased risk of fibrosis. 11 17 A number of factors may account for these inconsistent results including racial heterogeneity in different populations, confounding or interactions from other genetic or environmental factors, and low sample sizes. 6 8 16 In particular, methodological differences in determining the severity of fibrosis or risk of progressive disease are likely to be important. 8 Many earlier studies examined the association between genotypes and the stage of hepatic fibrosis without categorisation of patients as slow or rapid progressors on the basis of both histological stage of fibrosis and duration of infection. In this study we used strict criteria to categorise subjects and, although this limited the number of subjects that met the classification criteria, we believe it provided a more robust assessment of the rate of disease progression. Unfortunately, no readily obtainable group of slow progressors was available for the validation cohort, and we acknowledge that inclusion of only rapid progressors in this analysis limits our ability to identify the false positive rate of our predictive model. However, the results are still important in terms of the ability of the model to detect true rapid progressors.
Individually, the genetic polymorphisms are weak risk factors for fibrosis, with limited clinical value for predicting disease severity if used one at a time. 43 However, we found that the combined effect of several profibrotic genetic polymorphisms markedly influenced the risk of developing progressive fibrosis. Our study examined only a small number of genotypes and since this work was undertaken, a number of additional genetic associations with fibrosis have been reported. 16 44-46 With the rapid discovery of single nucleotide polymorphisms and the development of high throughput genotyping, many new disease susceptibility markers will be identified. 47 Ultimately, using a panel of progression associated genotypes, it may be possible to predict an individual's risk of developing progressive fibrosis in the setting of chronic HCV infection.
This approach has been examined in Helicobacter pylori infected individuals, in whom a proinflammatory genetic profile was shown to increase the risk of chronic atrophic gastritis and gastric carcinoma. 48 There is currently much interest in the concept of using genetic variants at multiple loci or genomic profiling to measure susceptibility to common complex diseases. 43 49 Statistical modelling has been used to illustrate the fact that disease prediction for common multifactorial diseases is greatly improved by considering multiple predisposing genotypes and environmental factors concurrently. 50 These authors argue that ''…according to this multifactorial model, disease will develop only in subjects whose combined burden of genetic and environmental risk factors exceeds a certain threshold…''. 50 In conclusion, we believe that an approach which uses strict phenotypic classification in combination with investigation of multiple genetic loci will allow the determination of a genetic profile that can predict those patients with chronic HCV who are at risk of rapid disease progression and therefore warrant more aggressive therapeutic management. Such an approach studying a large cohort of patients across multiple centres could provide a prognostic index that is universally applicable.
